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Summary and conclusíon
chaprer 7: SUMMARY AND CONCLUSION
Chapter I briefly describes muscle relaxation monitoring and control and presents the
motivation for muscle relaxation control research.
Chapter2 presents the basics of closed loop control systems, the neuromuscular junction and
muscle reltrxation. Neuromuscular monitoring is described along with stimulation patterns
and measurement techniques used in clinical conditions. Current pharmacokinetic-
pharnracodynamic (PK-PD) nrodels to predict a patient's response to muscle relaxation are
also intrclduced. A sl"rort history of rnusclc relaxation controller esearch is given and sorne of
the pract ical  ppl icat ions of  r r - ruscle r laxat ion control lers are descr ibed. An appl icat ion of  a
closed loop nruscle relaxation controller tbr long-term muscle relaxation maintenance is
shown in detail in Appendix 1. We found that rocuronium requirements diminished over
time and recovery from muscle relaxation was within 2 hours even after almost 48 hours
muscle relaxation maintenance with the closed loop controller.
Chapter 3 presents the design goals for a muscle relaxation controller within the context of
existing closed loop muscle relaxation controller esearch. The design goals are intended to
direct the development process towards a clinically useful muscle relaxation controller. We
address tlte shortcornings of current relevant research and propose design solutions to avoid
these problerns.
Chapter 4 addresses diverse supporting elements for the muscle relaxation controller design
process. It contains development of:
A nrotlelJbr twitc'h porenioÍion
Appropriate control twitch values rneasured in the absence of neuromuscular block are ofien
diff icult to cleternrine because repeated motor nerve stimulation enhances the evoked
mechanical response of the corresponding rnuscle resulting in an increased twitch response.
This enhancement of twitch response is known as twitch potentiation or the staircase
phenontenon. We fbund that a two-exponential nrodel can predict the degree of twitch
potentiation rnore accurately than a one-exponential model Íbr various stimulation frequencies
(Appendix 2). Horvever, if only one stimulation frequency is used, a one-exponential model
can provide good accuracy.
For neuromuscnlar modell ing research, twitch stabil isation techniques are often used to
reduce the visible eff 'ect of potentiation but such techniques are not always effective. Neither
have these techniques been validated. We combined a PK-PD model and twitch potentiation
model and to estimate NMB in the presence of twitch potentiation. We found that a PK-PD-
Potentiation model can estimate the degree of twitch potentiation and the degree of NMB
during neuromuscular monitoring and leads to different PD parameter estimations than the
standard PK-PD model (Appendix 3). The model also accurately predicts data from twitch
stabil isation, which is ignored with the standard PK-PD model.
Because twitch potentiation is init iated by postjunctional processes, it has l imited relevance to
closed loop muscle relaxation control. For this reason we did not further consider twitch
potentiation during the muscle relaxation controller design process.
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A PK-PD nrtlel to preflit't troin-of-fitur (TOF) ratio andTOF count
The TOF stirnulation pattern is usecl in daily anaesthesiological practice to deternline the
degree ol'rclaxation causecl by muscle relaxants. We extended the Bartkowski and Epstein
PK-PD rnodel to sirnulate all four TOF twitches (Appendix 4). We flt this model to data
tioni the pig ancl cornpiirecl the results to fittecl tnodels r-rsing separate PD models fbr each
TOF twitch (extendecl Sheiner nodel). We found that the extended Bartkowski and Epstein
rnodel preclicted TOF twitch height better than the extended Sheiner model.
i\ rnctltotl tu.sirnulate .spec'ial potieÍrt groupt;
Various clinically occurring conditions influence a patients muscle relaxation characteristics.
We presenf it summary of patient muscle relaxation PK-PD characteristics that may occur
under clinical conditions and their estimated frequency of occurrence based on existing
l i teraturc and expert  opinion (Appendix 5).
A direct trtu.tt'le stimulotion (DMS) compeilsution algoritltnt
DMS is the resr.rlt of stirnulation of nruscle fibres close to stimulating electrodes and tnay
disturb acceleronretry nreasurements. We show that a l inear function can estimate the effect
o1'DMS apcl the estinrated DMS effuct can be subtracted from the TOF twitches to give
con'ectecl TOF ratio and TOF coLutt verlues (Appendix 6). The function is useful over i l
l irnitccl range of muscle relaxiit ion and this range corresponds well to niost applications of
closed loop niuscle relaxaticttt cotttrollers.
Tcstitrg pntcedure s 
.for svringe puntps
We tested four syringe pumps for suitabil ity in a closed loop muscle relaxation control system
(Appendix 7), two u,ith internal stepper urotors and two rvith internal DC ntotors. Under the
test conditions, the syringe purnps with internal DC motors do not nlove the syringe ph"rnger
sul'f iciently to cleliver the rc-quested drug infusion rate. Of the syringe punlps tested, pLlmps
ivith internal steppet' uotors had better accLlracy.
A su.f'e rna.rirnurn ir{ttsiort litnit for ntt'urottiLtttt
We clid l i terature studies to deternrine the amount of rocuronium that would be sufficient o
achieve clinical levels of muscle relaxation. We also did Monte-Carlo analysis to deterrnine
the el cts of infusing maxirnum dosing levels for two hours in low-dose-requirement
patients. Based on published ata of rocuronium dose requirements, maintenance dosing of
1,2 rng.kgI. l i r - l  of  rocuronium appears to be suff ic ient  to achieve cl in ical  levels of  mLtscle
relaxat ion (Appendix 8).  With th is ntaxirnum infusion l inr i t  the r isk of  delayed recovery
ll.onr a closed-loop controller halclware failLrre seems to be within the ritnge of clinical
acceptabi l i ty .
Chapter 5 addresses the design choices, optirnisation and testing of a muscle relaxation
controller designed fbr routine clinical application. The control algorithm avoids the usabil ity
restrictions of existing controllers and is optimised using an objective method to avoid tl ie
r-rncertainties of 'hand-crafted' controller algorithms. We show that the controller maintained
the target TOF count virlues under the clinical conditions tested and remains useful even in the
presence of  d isturbances that can ar ise in rout ine c l in ical  condi t ions (Appendix9).  The
cl in ical  resul ts of  the control ler  are shown in detai l  (Appendix 10).
In Chapter 6 sr"rggestions fbr l 'uture work related to this thesis are discussed as well as some
o1'the l irnitations of the scope of the research.
Conclusion
The ainr of  th is thesis
algor i thnr sui table for
goals ancl  the control l t





The aim of this thesis is the design 
and testïng of a closed-loop muscle 
relaxation control
algorith'r suitabrc I"ï ,.",,,, i". .t ini.oiuse. 
T[is aïm was defined in terms of controller 
design
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